The collisional system Si 4ϩ ϩHe has been studied over a range of mean relative ion kinetic energy going from 10 Ϫ2 to 10 2 eV/amu. In the low-energy range, a time-dependent wave-packet approach is used both in the diabatic and the adiabatic representation using two different propagator techniques. The agreement between the two sets of results assess the accuracy of the present numerical approach. Above 2.5 eV/amu., a semiclassical eikonal calculation is performed, which includes the Coriolis couplings. Finally, the rate constant is calculated and compared with the other theoretical data as well as with the experimental value of ͓Fang and Kwong, Phys. Rev. A 59, 342 ͑1999͔͒. The present results confirm the order of magnitude of previous theoretical values.
I. INTRODUCTION
Since the pioneering theoretical work on the charge transfer between atoms and ions by Bates and Moiseiwitsch in 1954 , silicon ions have been often studied because of their importance in the modelization of astrophysical plasmas ͓2͔. The relevant collisional systems where mainly Si nϩ (nϭ2 Ϫ4) ϩH and He. A complete discussion of the astrophysical implications of the Si 4ϩ ϩHe reaction has, for example, been given in Ref. ͓3͔ . Although, these systems have already received a lot of attention, a renewal of interest has emerged in connection with the recent experiment of Fang and Kwong ͓1͔ providing among the first experimental data on a chargetransfer rate coefficients at low temperatures.
Four different dynamical calculations have been performed on the collisional system Si 4ϩ ϩHe. Butler and Dalgarno ͓4͔ used the Landau-Zener method together with empirical potentials. Opradolce et al. ͓5͔ investigated the same system with a close-coupled approach and a molecular quantum calculation based on model potentials adjusted to asymptotical energy differences. The results of Stancil et al. ͓3͔ were obtained by the close-coupled quantum method and fully ab initio molecular calculations performed with the spin-coupled valence bond method ͓7͔. Finally, BacchusMontabonel and Ceyzeriat ͓6͔ used a different ab initio method and a semiclassical dynamical approach. In addition to the rather different static and dynamical approaches, two calculations ͓5,6͔ included Coriolis couplings between ⌺ and ⌸ states as well as electron-translation effects. Both effects have been found negligible at low collision energy. However, discrepancy persists among these works mostly at low energy. Moreover, the recent measurement ͓1͔ performed by Fang and Kwong using a laser-induced plasma ion source and ion storage gives rise to a charge-transfer rate coefficient for the Si 4ϩ ϩHe reaction two orders of magnitude smaller than the available theoretical values.
The purpose of this paper is to investigate the charge exchange Si 4ϩ ϩHe reaction in a large range of energy, first at low energy using the time-dependent approach developed recently to solve the close coupling equations ͓8͔, second, at higher energy using a semiclassical approach that includes Coriolis effects. The calculation of the rate constant is performed and compared with the theoretical data as well as with the value of Fang and Kwong.
The time-dependent approach is strictly equivalent to the standard time-independent close-coupling approach used generally for scattering problems. However, the timedependent methods provide clear and direct physical insight into the dynamics in much the same way as classical mechanics. The collision matrix elements are extracted by Fourier transforming the time signal obtained from a wave packet stored in the postcollisional region. The radial timedependent wave functions are transformed to the scattered part of the stationary wave functions. We check the efficiency of resolving the coupled equations in the diabatic or in the adiabatic basis set.
II. AB INITIO CALCULATIONS
In our paper, two reaction channels are considered:
͑1͒ *Author to whom correspondence should be addressed.
The 3d
2 D state of Si 3ϩ is located asymptotically 0.024 a.u. below the entrance channel that corresponds roughly to a crossing at RϾ120 a.u. At this internuclear distance, the transition will be totally nonadiabatic; the system follows the diabatic curve of the entrance channel with no significant effect on the results of the collision. This assumption has been verified using a semiclassical approach that shows that for a kinetic energy of 122. 
͑3͒

At higher energy, the Coriolis couplings
have been included in the semiclassical calculations. They have been calculated as the matrix element of the iL y operator in a state-average CASSCF calculation, which includes the first three 1 ⌺ ϩ states and the first 1 ⌸ ϩ state. These couplings, except for the signs, are very similar to those shown in Ref.
͓6͔.
The ab initio parameters ͑the positions, the energy differences and the height of the radial coupling matrix elements, P ␣␤ , at the avoided crossing points͒ are given in Table I and compared with the other theoretical values. From the table, it is clear that the last three calculations ͑Stancil et al., Bacchus-Montabonel and Ceyzeriat ͓3,6͔, and the present paper͒ show very similar parameters despite the difference in the ab initio methods.
III. NONADIABATIC AND ADIABATIC WAVE PACKET DYNAMICS
The unitary matrix F transforming the adiabatic representation into the diabatic representation has been obtained by solving the equation
where the P matrix contains the radial coupling matrix elements ͑2͒. The diagonal and nondiagonal diabatic potentialenergy curves are given in Fig. 1 . When compared with the 
where H , the total transformed Hamiltonian (H ϭRHR Ϫ1 ) in the diabatic representation, has been described in detail by Vaeck et al. ͓8͔. Here are given the main differences and similarities between the diabatic and adiabatic dynamics. In summary, the wave function corresponding to the entry channel i is given by the superposition
where K is the total angular momentum with ⌳ its projection on the internuclear axis. The nuclear wave functions are the product of an angular part, Y ⌳ K , and a radial part that contains the entire time dependence ␣⌳ K . The electronic wave func-
The H K matrix is written
in the diabatic one. T R is the nuclear kinetic-energy operator,
E a is the diagonal matrix of the adiabatic energies and H d and K d are, respectively, the matrices of the electronic Hamiltonian and of the Coriolis coupling in the diabatic basis set. The radial coupling P, Q, and L matrices have been defined in Eqs. ͑2͒, ͑3͒, and ͑4͒. The choice of the sign is determined by the sign in Eq. ͑4͒. In the present quantum-mechanical calculation, the Coriolis coupling has been neglected so that only ⌺ states (⌳ϭ0) are accounted for.
The radial wave function for the initial state (␣ϭi) at time tϭ0 is given by a Gaussian wave packet ␣ϭi ͑ R,tϭ0 ͒ϭ 1
where k 0 ϭͱ2 0 /ប is the wave number corresponding to the mean relative kinetic energy 0 in the entrance channel, R 0 is the initial position of the Gaussian wave packet, and R fixes its width at half maximum in the coordinate domain (⌫ R ϭ2.354 R ). Equation ͑8͒ is solved by propagating the wave packet on the three 1 ⌺ ϩ states (⌳ϭ0) using the split-operator technique in the diabatic representation ͓19,20͔ and the more CPU time consuming Chebyshev scheme in the adiabatic basis set ͓21͔. The difference comes from the structure of the H K matrix in the two representations. The Chebyshev method only requires the computation of H ⌿ and is then able to account for any kind of differential operators. The split-operator formalism applies the potential terms in a discrete variable representation and the kinetic terms in the cor- responding finite basis representation. In Cartesian coordinates, this is possible only if the kinetic operator is simply ‫ץ‬ 2 /‫ץ‬R 2 as in the diabatic representation. The time evolution of the wave packet at Kϭ0 in the two representations is illustrated in Fig. 2 for a mean kinetic energy of 1.62 eV/ amu. After 1400 a.u. of time, the wave packet is already on the way out of the collision. It is split on the entrance channel and the 3p 1 ⌺ ϩ channel, the 3s 1 ⌺ ϩ channel being neglected. While the two propagation schemes using the diabatic and the adiabatic representations give different results at tϭ1400 a.u., exactly the same results are obtained in the asymptotic region at tϭ2800 a.u. assessing the numerical convergence of the present calculations.
The structures appearing in the wave packet after the crossing of the interaction zone reflect the Stueckelberg interferences arising from the intersections of the different collisional channels. The same effect has been found by Stancil et al. ͓3͔ to be at the origin of the pronounced oscillatory structure in the total electron-transfer cross section. The same behavior was already mentioned by Zygelman et al. ͓22, 23͔ for the N 4ϩ ϩH system. In order to extract the S-matrix elements, the radial timedependent nuclear wave function is transformed to the scattered part of the energy-dependent stationary functions
where ␤ K (R ϱ ,t) is the amplitude of the wave packet in the channel ␤ in the asymptotic region.
For each channel ␤, the elements of the S matrix are given by the relation ͓8͔
͑13͒
where g͑k ͒ϭ͕2͖
/ប. The amplitude of the wave packet in the asymptotic region, ␤ K (R ϱ ,t), is therefore the only requirement to extract the collision parameters. Figure 3 shows the ␤ K (R ϱ ,t) functions obtained using the two propagation schemes in the diabatic and the adiabatic representations. The equivalence between the two calculations is excellent. The adiabatic representation circumvents the need for diabatization, which may be a problem in polyatomic systems. However, the CPU time for the propagation is very different in the two basis sets. It can be carried out by the fast split-operator algorithm in the diabatic case but not in the adiabatic case for which the Chebyshev algorithm must be used.
The time-dependent probabilities of occupation of the different electronic states are also shown in Fig. 3 for Kϭ0 and a relative kinetic energy of the incident Si 4ϩ ion of 1.62 eV/amu. Contrary to elements of the S matrix, the probabilities as a function of time depend on propagation parameters and therefore these quantities are of no use for comparison with experimental data.
The expression of the state-selective electron-transfer cross section is given by
where (2L i ϩ1) is the degeneracy of the initial state.
IV. RESULTS AND DISCUSSIONS
The total electron-transfer cross section is shown in Fig. 4 and compared with the previous theoretical calculations ͓5,3,6͔. Up to 2.5 eV/amu the present results were obtained using the quantum-mechanical approach while at higher energy, the semiclassical eikonal method ͓24͔, which includes the Coriolis effects, has been used. Between 2.5 eV/amu and 3 eV/amu the agreement between the two approaches has been verified.
The agreement between the different theoretical total cross sections is only qualitative. Below 0.2 eV/amu, three quantum-mechanical results, two close-coupling ͓5,3͔ and the present time-dependent values, can be compared. Although the minimum of the total cross section can be found eriat the agreement between the quantum-mechanical results of Stancil et al. and the results of the present paper is good. However, no resonance feature has been observed in the cross section in the two last calculations.
The oscillatory behavior of the total electron-transfer cross section found by Stancil et al. is confirmed in the present calculation. However, the local peaks in the cross section depend strongly on the wave-packet parameters. Therefore, the present total cross section is drawn without oscillatory structure. This oscillatory behavior can be understood by examing the partial cross section for the 3p 1 ⌺ ϩ channel at energy below 4 eV/amu. In this range of energy, the typical oscillations of the two states crossing partial cross section present a maximum for a partial wave below the cutoff value as shown in Fig. 5 . When summed over all partial waves, a residual oscillatory structure is present in the cross section ͓25͔. At this low energy, the 3s 1 ⌺ ϩ reactive channel is negligible and the behavior of the cross section can be explained with a simple Landau-Zenner-Stueckelberg model ͓26͔.
Above 2.5 eV/amu, the semiclassical calculation included the Coriolis couplings, which therefore open the 3p 1 ⌸ ϩ channel. In Table II The rate constant as a function of the temperature is calculated by averaging the total electron-transfer cross section over a Maxwell-Boltzmann velocity distribution. The comparison between the present result and the previous theoretical values is done in Fig. 6 . The experimental point obtained by Fang and Kwong ͓1͔ is also given. The present calculation shows that the value of the rate constant at low temperature depends dramatically on the behavior of the cross section near the threshold. The differences of behavior of the theoretical cross sections are clearly responsible for the discrepancies between the rate constants below 7ϫ10 3 K. The present total electron-transfer cross section shows an increase near threshold in a rather similar way as in the calculation of Stancil et al., giving rise to very similar behavior for the rate constant. The difference between the rate constant of Opradolce et al. , and the present one for a temperature of 4ϫ10 2 K reflects the much higher value of the cross section at low energy obtained by the former. Finally, the only way to come close to the experimental value of Fang and Kwong is to artificially make the cross section tend to zero at low energy. Indeed, if a lower intergration limit of 0.2 eV/amu is taken, the evaluation of the rate constant using our cross section is in perfect agreement with the experimen- tal value. However, it is important to ask if the measurement of Fang and Kwong obtained using an ion trap with cylindrical symmetry can be compared with a calculation based on the use of a Maxwell-Boltzmann distribution. Moreover, the accuracy of the determination of the temperature of the ions in the presence of neutral atoms of helium can be questioned. The discrepancy between theoretical results ͓27,25͔ and the measurements of Fang and Kwong ͓28,29͔ occurs nearly in the same terms for the collisional system O 2ϩ ϩ He as shown in Fig. 7 . In this case, the experimental value ͓30͔ performed using drift tube techniques lies one order of magnitude above the result of Fang and Kwong but is a factor of 2 smaller than the quantum-mechanical calculation.
At high temperature, the rate constant seems to converge to the same value. All the theoretical calculations show the same behavior independently of the details of the total cross sections, which can be very different from one calculation to another. Moreover, the upper intergration limit is not a critical parameter in the evaluation of the rate constant.
V. CONCLUSIONS
The time-dependent wave-packet method has been applied to the calculation of electron-transfer cross section for the collisional system Si 4ϩ ϩHe up to 2.5 eV/amu. For energy above this point, the calculations have been performed using a semiclassical eikonal approach, which includes Coriolis couplings. The range of energy cover by the present paper goes from 10 Ϫ2 to 10 2 eV/amu. The time-dependent approach have been applied in the diabatic representation using the split-operator technique and in the adiabatic representation using the Chebyshev method. Both results give the same result for the collision parameters assessing the accuracy of the numerical procedure.
The calculation of the rate constant for the electrontransfer reaction confirms the order of magnitude of the theoretical values. The disagreement observed previously with the experimental work of Fang and Kwong ͓1͔ is still unresolved. Nevertheless, the importance of the behavior of the total cross section at very low energy has been pointed out. At this point of view, a state-of-the-art cross beam experiment allowing for a experimental determination of the total cross section at very low energy could be an appropriate way to resolve the conflict between theory and experiment.
